A mono-segmented continuous-flow analysis (MCFA) procedure has been developed for the determination of molybdenum in plants, based on the catalytic oxidation of I-b y H202 i n acid medium as the indicator reaction, with spectrophotometric detection at 350 nm. High sensitivity was achieved using multivariate and univariate screening experiments, optimized reagent concentrations, a reaction time of 130 s and a sampling-loop volume o f 300 pl or higher. The reagents were pumped at 1.2 ml min-1 and the sample at 4.7 ml min-I, yielding a sampling rate u p to 120 h-1, with negligible carryover. The effects o f Feltl,TilV, Wvl, CrV1, Vv, PO& and ionic strength on the analytical signal were evaluated under these conditions. Only TiiV does not interfere significantly. Hence, a prior separation step is necessary, consisting of an extraction of MoV1 into HCI-saturated chloroform as an a-benzoin oxime complex. For a reaction time of 130 s and an ambient temperature of 22 k 2 "C the calibration graph, obtained b y submitting MoV1standards t o the extraction procedure, follows the equation AA = -0.0018 + 0.0172 cM0 (r* = 0.998), where AA is the net analytical response, taken as the difference between the catalysed and non-catalysed signals, and cM0 is the molybdenum concentration, i n ng ml-1. Under these conditions, the linear range extends t o 50 ng ml-I, the calculated detection limit is about 1 .O n g ml-1 and the relative standard deviation is close to 1 .O% over the entire linear range. The sensitivity and linear ranges of the MCFA procedure can be easily modified b y simply changing the sampling volume and the reaction time. The accuracy of the method was evaluated by means of plant samples supplied b y the 'International Plant-analytical Exchange' (IPE), from the Wageningen Agricultural University, The Netherlands. The results obtained for the determination of MoV1 in these samples were acceptable under the recommended IPE criteria.
Molybdenum is an element essential to plants,1,2 with action related to important biochemical functions in nitrate reduction, biosynthesis of nucleic acids, and biochemical processes related to the fixation of molecular nitrogen by micro-organisms and bacteria.3 As either a deficiency or an excess of molybdenum can cause damage to plants, its routine control is highly recommended for healthy plant growth. As molybdenum is found at low levels in plant materials, very sensitive methods for its determination are required. This can be carried out by atomic absorption spectrometry at the 313.3 nm Mo resonance line, using either flame (dinitrogen oxideacetylene) or electrothermal atomization,4-6 as well as by plasma emission.7.8
In both instances, costly equipment and well-trained personnel are needed, with a concentration step in the analytical procedure usually being necessary to bring the analyte into the detection range of these instruments.
Although not specific, a much less expensive and sensitive approach involves use of the catalytic effect of MoV1 on the oxidation of iodide by hydrogen peroxide in acid medium.9.10 This procedure, which has been intensively investigated both for conventional static applications9311 and under dynamic flow conditions,**-17 was found to be adequate for routine spectrophotometric determination of trace amounts of MeV' using the mono-segmented continuous-flow analysis (MCFA) approach. 18. 19 These references show the MCFA method as being particularly favourable for accommodating slowly developing reactions. This paper reports work carried out in this laboratory, demonstrating the adequacy of the MCFA system for routine determination of MoV1, for plant analyses.
Experimental Solutions and Reagents
All solutions, prepared from analytical-reagent grade chemicals and distilled, de-ionized water, were stored in highdensity polyethylene bottles. The ambient temperature during the experiments was kept at 22 k 2 "C.
A MoV1 stock solution (1 mg ml-1) was prepared by dissolving 1.5000 g of oven-dried Moo3 in 10 ml of a 1 + 1 v/v ammonia solution and diluting to 1 1 with water. The working solutions were prepared from the stock solution by dilution with water. The potassium iodide solutions were prepared by dissolving appropriate amounts of the solid in water. Sulfuric acid and hydrogen peroxide working solutions were prepared daily from concentrated solutions. The stock hydrogen peroxide concentration was tested periodically and the solutions were kept in a refrigerator. Stock solutions (1-5 mg ml-1) of Fell', TiIV, WvI, Vv, Crv' and PO4+ were prepared for interference studies and used after appropriate dilution. Sodium, potassium or ammonium salts were used to prepare the stock solutions, except for TiIV, which was obtained from titanium dioxide by fusion with potassium pyrosulfate and dissolved in 6% sulfuric acid.20 A 1.00 mol 1-1 sodium perchlorate solution was used to adjust the ionic strength when needed. The cx-benzoin oxime solution, used as MoV1 extractor in the plant sample preparation, was obtained by dissolution of the solid in ethanol (95% v/v). 
Sample Preparation
The plant samples used to test the MCFA method for the determination of molybdenum were prepared by ashing 1.000 g portions of oven-dried ground plant tissue in porcelain crucibles for 3 h at 500 "C, and dissolving the residue in 5 ml of 6 rnol 1-1 hydrochloric acid.21 The resulting solution was evaporated, the residue was dissolved in 5 ml of 2 rnol 1-1 hydrochloric acid, and this solution was heated and filtered. The filtration residue was washed with two 5 ml portions of 2 rnol 1 -1 hydrochloric acid and with 10 ml of water. The molybdenum ions present in the filtrate were extracted into two 8 ml portions of hydrochloric acid-saturated chloroform, containing 4 ml of ethanolic 0.5% m/v &-benzoin oxime.lsJ2-24 After evaporating the chloroform, 5 ml of concentrated nitric acid and 1 ml of concentrated perchloric acid were added to the product, which was then heated to dryness. The residue was dissolved in water, and the solution was transferred into a 50 ml calibrated flask and completed to volume, the pH being adjusted to near 8, with phenolphthalein as indicator.
Experimental Set-up
The experiments were carried out using the MCFA manifold shown in Fig. 1 , using water as carrier.
All solutions and the carrier were pumped using a Gilson Minipuls-2 peristaltic pump (Worthington, OH, USA) fitted with Tygon tubing. The reagents were pumped at the same flow rate in all experiments as a matter of experimental convenience, as the reagent concentrations were previously optimized under these conditions? The absorption measurements were effected with a Zeiss PM2A spectrophotometer (Oberkochen/Wurttemberg, Germany) at 350 nm, using an 80 pl silica flow cell (optical pathlength 10 mm). The delay coil was prepared from 2.0 mm i.d. poly(tetrafluoroethy1ene) (PTFE) tubing, supported on a 10 cm diameter cylinder, and the other loops and transmission lines were prepared from 0.8 mm i.d. polyethylene tubing. Changes in the reaction time, measured from the moment the reaction mixture leaves the mixer (M) to the moment it arrives at the detector, can be easily carried out by changing the carrier flow rate and/or the delay coil (DC) length. A carrier flow rate of about 4.6 ml min-1 is a good choice for routine work, yielding reproducible signals with negligible carryover, even for higher MoV1 concentrations. Flow rates above 6.0 ml min-1 could fragment the segmented stream, allowing sample inter-contamination. Lower carrier flow rates would increase the unloading time, resulting in a possible decrease in the sampling frequency. The air bubbles are removed from the carrier stream before detection by a permeation cell, acting as a gas-liquid separator. 18, 19, 26 As liquids and gases have different compressibilities, reproducible signals are obtained only when the delay coil is filled with the mono-segmented stream at the beginning of the working day, and the detector cell outlet line is completely filled with the out-going continuous stream. Aliquots of the reaction mixture were inserted between two air bubbles of about 50 p1, by injection into the carrier line. The sampling procedure used in the screening experiments was programmed to unload the sampling loop within 30 s after a loading period of 20 s, permitting a sampling frequency of 72 h-1. Higher sampling frequencies (up to 120 h-I ) , with negligible carryover, can be obtained by proper adjustment of the loading/ unloading times. Of course these adjustments are limited by the sampling-loop volume. The sample changes have to be carried out just after the injection valve is brought to the unloading position. Confusion in routine work can be avoided by coupling a counter to the injection system.27
Results and Discussion
The routine MCFA conditions for the determination of MoV1 in plant material were established by univariate and multivariate screening experiments, using the flow manifold shown in Fig. 1 and optimized reagent concentrations.25 Reaction ti me/s , A . nct Fig. 3 Effcct of the reaction time on the absorbance. Injected volume, 300 pi; Mo"' concentration. 40 ng mi -1 . Other experimental conditions as in Fig. 1 . C, NC and AA as in Fig. 2 The effect of sample and reagent flow rates on the net analytical signal (AA), taken as the difference between the catalysed and the non-catalysed responses, was initially studied by a 22 factorial design.28 The results indicate a decrease in absorbance of 0.123 when the sample flow rate changes from 3.0 to 4.7 ml min-1 and an increase by the same amount when the reagent flow rate increases from 0.8 to 1.2 ml min-1. As the interaction flow rate effects are negligible compared with the principal effects, the variations in AA appear to be a compromise between on-line dilutions and a possible lack of reagent in the mixing chamber. This is supported by the principal effect values for the individual catalysed and non-catalysed signals. An increase in the reagent flow rate from 0.8 to 1.2 ml min-1 increases the catalysed signal by about 50% more than the non-catalysed one, whereas a decreasc by the same amount in the catalysed signal is observed o n increasing the sample flow rate from 3.0 to 4.7 ml min-1. This was confirmed by carrying out the univariate study shown in Fig. 2 , keeping the reagent flow rate at the upper 1.2 ml min-1 level and varying the sample flow rate from 3.0 to 6.3 ml min-1. It can be seen that the AA response is much less sensitive to sample flow rate than the catalysed and non-catalysed signals. As a lower sample flow 400 600 rate will affect the sampling frequency and will give higher blank (non-catalysed) signals, flow rates from 4.5 to 6.0 ml min-1 should be used for routine work. In this study, a sample flow rate of 4.7 ml min-1 was adopted. Under the described MCFA conditions, reagent flow rates above the upper level of 1.2 ml min-1 bring no real advantage to the method sensitivity, as AA remains relatively constant owing to comparable increases in both catalysed and non-catalysed signals.
As time and temperature are closely related variables for kinetically controlled reactions, a study of the effects of reaction temperature and time was also carried out under the MCFA conditions, using a 22 factorial design. Extreme values of 20 and 30 "C and of 110 and 170 s were investigated. As expected, temperature increases result in increases in the catalysed analytical signal, but this is accompanied by similar increases in the non-catalysed (blank) signal. However, for each 1 "C increase, the net analytical absorbance signal increases by only 0.010, indicating that rigorous temperature control is not necessary. This is important for routine work, as controlling the ambient temperature to within +2 "C is sufficient to obtain reproducible signals. The effect on the reaction time is similar to that reported for the temperature. Both principal effects are about three to four times larger than the interaction effect of these variables. As such, univariate studies of the effect of the reaction time on the analytical signal values were carried out, using values intermediate to those of the factorial design. The results are shown in Fig. 3 . For reaction times above 130 s the absorbance value of the catalysed reaction is very high, indicating limitations in the spectrophotometric measurements for higher MoV' concentrations. For this reason, a limiting reaction time of 130 s was established for this system.
As, in the MCFA approach, a well-mixed reacting bolus is injected sequentially into the carrier line, once the carrier flow rate is fixed, the sampling-loop volume can also affect the sensitivity of the MCFA procedure, as peak heights are also related to the time in which the reaction bolus stays inside the detector flow cell. As can be scen from Fig. 4 , a sampling-loop volume of 300 PI was found to be adequate for use with the 80 PI flow cells. Larger volumes could result in stationary signals and would demand longer cleaning times, decreasing the analytical frequency, without any significant gain in s e m i tivity .
The MCFA procedure was also tested to determine its viability in the presence of Ti1", Cr"', Wv', Fell', Vv and P043-, species commonly found in plant materials. These species, among others,g are potential interferents in the oxidation of I-by hydrogen peroxide in an acid medium. The metallic ions induce positive errors in the analytical results either by direct oxidation of the I-o r by catalysing the indicator reaction, while the presence of phosphate yields lower results by forming phosphomolybdate.29 The influence of solution ionic strength on the net analytical signal, AA, was also evaluated, as this parameter could have an influence on catalytic reactions. 'OAs shown in Table 1 , the interference effects were studied at MeV' concentration levels of 5.0, 20.0 and 40.0 ng ml-1, by varying the amount of the interfering * Results given in tcrms of interference factors, where a factor of 1.00 means no interference, a factor greater than 1.00 means an enhancemcnt. and a factor less than 1.00 means a dcprcssion of the expected value. These results are averages of at least ten injections.
The absorbance values were corrected against the blank. Ionic concentrations in mol 1-'.
species in the MoV1 standard test solution. Among the interfering species tested, only Ti'" does not interfere significantly with the analytical results. For all the other interfering species tested, the lower the Mo"' concentration the higher the interference level. As expected, Fell' shows the most severe interference effects. Under the MCFA experimental conditions, MoV1 concentrations equal to or above 20.0 ng ml-* support only about 0.5 pg ml-1 of Fell1 without significant alteration in the net analytical signal. For a 40.0 ng ml-1 MoV1 concentration, 1 pg ml-1 of Fell' increases the analytical signal by 6%. On the other hand, concentrations of about 10 pg ml-1 of P043-barely affect the analytical signal under the conditions described here.
The MCFA results are not significantly perturbed by ionic concentrations of about 0.04 mol 1-1 or lower. However, as the ionic strengths normally encountered in plant extracts are much higher than this value (up to about 0.35 mol 1 -I ) , the analytical procedure for sample preparation must also take this parameter into account.
In view of the potential interference effects found, a Mo"' solvent-extraction step, described in the Experimental section, was introduced into the sample preparation procedure. Table 2 also clearly demonstrate the versatility of the MCFA approach for kinetic methods, as its applicability can be varied by simply changing the length of the delay coil, which modifies the reaction time, and/or the sampling loop. A typical MCFA run exhibits a very stable baseline and low noise levels, as shown in Fig. 5 . In addition, tests involving sulfuric, perchloric and hydrochloric acids indicated that the nature of the acid does not significantly affect the sensitivity of the method for Mo"' determination, although AA is very sensitive to acid concentration.25
The accuracy of the MCFA method for Mo"' determination was evaluated using plant samples from the International Plant-analytical Exchange (IPE) programme of the Wageningen Agricultural University, The Netherlands. Each sample of vegetable material was divided into two portions and treated separately, as described in the Experimental section. The resulting solutions were injected into the MCFA system in quintuplicate, a total of ten injections per sample being performed, under the experimental conditions cited in the legend of Fig. 1 and Table 2(a) . The results, given by the average and pooled standard deviation values in Table 3 , were compared with the data reported by the IPE programme." As can be seen, all of the results obtained with the proposed MCFA procedure have values within the rangcs of acceptable IPE values, according to the marking procedure.31'32 Attempts to extend this procedure to soil analysis are now underway in this laboratory.
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